To investigate the biochemical and cellular basis for the rise in polymorphonuclear leukocyte (PMN) count during epinephrine administration, PMN from subjects receiving epinephrine were studied for their capacity to adhere to nylon wool fibers and endothelial cell monolayers. After administration of epinephrine, the PMN count increased by 80% at 5 min, and isolated PMN adherence to nylon fibers fell from a base line of 44±2-18±3%. In contrast, when subjects were infused with the b-antagonist propanolol before receiving epinephrine, the PMN count failed to rise and PMN adherence was normal. Exposure of PMN endothelial cell monolayers to 0.1 µM epinephrine led to diminished PMN adherence that could be blocked by 10 µM propanolol but not by 10 µM phentolamine. Sera obtained from subjects 5 min after receiving epinephrine or from supernates derived from endothelial cell monolayers exposed to 90 nM epinephrine inhibited PMN adherence to nylon fibers. Addition of anticyclic AMP antisera but not anticyclic guanosine monophosphate antisera to the postepinephrine sera or to the postepinephrine supernate derived from the endothelial cell monolayers abolished their inhibitory effect of PMN adherence to nylon fibers. In contrast, direct exposure of PMN to epinephrine failed to affect their adherent properties. Because it has been previously shown that endothelial cells contain b-receptors and respond to catecholamines by raising their intracellular concentrations of cyclic AMP, and […]
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A B S T R A C T To investigate the biochemical and cellular basis for the rise in polymorphonuclear leukocyte (PMN) count during epinephrine administration, PMN from subjects receiving epinephrine were studied for their capacity to adhere to nylon wool fibers and endothelial cell monolayers. After administration of epinephrine, the PMN count increased by 80% at 5 min, and isolated PMN adherence to nylon fibers fell from a base line of44±2-18+3%. In contrast, when subjects were infused with the 13-antagonist propanolol before receiving epinephrine, the PMN count failed to rise and PMN adherence was normal. Exposure of PMN endothelial cell monolayers to 0.1 ,uM epinephrine led to diminished PMN adherence that could be blocked by 10 uM propanolol but not by 10 ,uM phentolamine. Sera obtained from subjects 5 min after receiving epinephrine or from supernates derived from endothelial cell monolayers exposed to 90 nM epinephrine inhibited PMN adherence to nylon fibers. Addition of anticyclic AMP antisera but not anticyclic guanosine monophosphate antisera to the postepinephrine sera or to the postepinephrine supernate derived from the endothelial cell monolayers abolished their inhibitory effect of PMN adherence to nylon fibers. In contrast, direct exposure of PMN to epinephrine failed to affect their adherent properties. Because it has been previously shown that endothelial cells contain 18-receptors and respond to catecholamines by raising their intracellular concentrations ofcyclic AMP, and that PMN adherence is attenuated by cyclic AMP, it would appear that diminished PMN adherence after epinephrine administration is mediated through endothelial cell ,3-receptor activity, which in turn impairs PMN margination in vivo and could account for the rise in circulating PMN.
INTRODUCTION
The fight or fright reaction incites the release of epinephrine and norepinephrine from the adrenal medulla resulting in tachycardia, bronchodilation, peripheral vasoconstriction, lymphocytosis, and neutrophilia. Polymorphonuclear neutrophil leukocytes (PMN)l labeled with diisopropyl [32P]fluorophosphate, when returned to their donor's circulation, distribute equally into a circulation and a marginating pool. Athens and co-workers (1) rapidly infused epinephrine into five human subjects and observed a rise in the blood PMN concentration to about twice the control levels while recovering an average of 72% of the donor diisopropyl [32P]fluorophosphate PMN, whereas, before infusion, only 50% of the cells were retrieved (1, 2) . Although PMN are known to reversibly adhere to vascular endothelium in vivo (3, 4) , the cellular factors regulating cell adherence to vascular endothelium (5-7) and to artificial surfaces in vitro are incompletely understood (8, 9) . In an attempt to measure cell interaction with artificial surfaces, an in vitro assay has been developed that measures the adhesiveness between PMN and nylon fibers and recently has been shown to reflect similar adhesive properties between PMN and endothelial monolayers (5) . Using both techniques for measuring PMN adhesion, we investigated the biochemical and cellular basis for impaired PMN adhesion to endothelium in vitro after epinephrine exposure. We found that diminished PMN adherence in vitro after epinephrine administration is mediated through the release ofcyclic AMP by endothelial cells, which in turn could account for the rise in circulating PMN in vivo during epinephrine administration.
METHODS
In viv) studies. After obtaining informed consent, adult volunteers received 0.5-0.6 mg of epinephrine subcutaneously; 20 cm3 of peripheral blood was obtained at 0, 5, 15, and 30 min for total white counts and differentials as well as for PMN adherence studies. In some studies, the same subjects were given an initial dose intravenously of 5 mg of propanolol followed by a constant infusion of propanolol 0.08 mg/min for 45 min, at which time epinephrine was administered subcutaneously (10) . To ascertain whether sera from subjects receiving epinephrine would affect PMN adherence, postepinephrine sera were recovered at varying times and freshly obtained purified PMN at 1 x 107 cells/ml were incubated for 5 min in 1 ml of the sera before passage over nylon fiber columns or before incubation with endothelial cell monolayers. The postepinephrine sera was maintained at 4°C before use with PMN. In some studies, as indicated in the legends to the tables, the sera was incubated 5 min with either anticyclic AMP or anticyclic guanosine monophosphate (GMP) antiserum. PMN adherenice. PMN adherence to nylon wool fibers was assayed by a modification (8, 9) of the method of MacGregor et al. (11) . The columns were packed with 70 mg of nylon wool to a height of 15 mm above the constriction of the pipette. Suspensions of PMN and erythrocytes were derived from a Ficoll-Hypaque gradient (12) and washed once in 0.15 M NaCl. 1 ml suspension of the PMN in human AB-negative serum was incubated with various drugs for some experiments for 5 min before passage of the PMN over the columns. The suspensions of PMN containing between 0.8 and 2.0 X 10-7 cells/mI were applied to the top of triplicate columns and allowed to flow through by gravity at 37°C. Comparison of pre-and postcolumn PMN counts permitted calculation of the percent of PMN adhering to the columns. Results of the triplicate columns were averaged for each blood specimen and expressed as the percent PMN adherence. The variability of PMN adherence to the nylon fibers in the three columns did not exceed 10% beyond the meani.
Cultures of human endothelial cells were prepared from human umbilical veins according to the modification of human serum and then relayered vith 2.5 ml of the samiie medium. Confluent primary endothelial moniolayers, containing 0.7-0.8 x 106 cells, were used for adherenice studies 4-7 d after seeding. Cell counts were determined with a hemocytometer after suspension of the cells with 0.25% trypsin-0.05% trisodium EDTA in phosphate-buffered saline. Purified PMN were prepared by Ficoll-Hypaque density sedimentation using the technique of Boyum (12) . After separation, the PMN were washed twice in Krebs-Ringer phosphate, pH 7.4, and then suspended in normal AB-negative human serum at a final concentration of 0.8-2.0 x 107 PMN/ml. After removal of the M-199 from the tissue cultures, the plates were washed twice with Dulbecco's phosphate-buffered saline, pH 7.4, and then 1 ml of PMN suspension was added to triplicate plates just covering the 35-mm diameter surfaces (5) . The tissue culture-PMN overlay was incubated at 37°C in a 5% CO2 atmosphere for varying periods of time as indicated in the legends to the tables; the suspension was then aspirated. Comparison of the PMN counts before and after incubation permitted calculation of the percentage of PMN adhering to the monolayers. In experiments evaluating the effect of drugs on the tissue culture-PMN overlay, the drugs were added directly to the experimental plates at concentrations indicated in the tables. A gentle agitation followed to assure adequate mixing. In other experiments, supernates derived from stimulated endothelial cell culture monolayers were incubated with freshly obtained 1 x 107 PMN/ml for varying periods of time before determination of subsequent PMN adherence to either nylon fiber columns or fresh endothelial cell monolayers. As indicated in the legends to the tables, anticyclic nucleotide antisera were added to the supernates for 5 min at 37°C before determination of PMN adherence. Immunofluorescence microscopy was used to demonstrate that antihemophiliac factor was present in the cells leading to their identity as endothelial cells (14, 15 
RESULTS
After the subcutaneous injection of 0.5-0.6 mg of aqueous epinephrine, the absolute PMN count rose at 5 min and remained elevated throughout the 30 min of study ( Fig. 1 ). Purified PMN obtained at various time points showed an initial adherence of 44±2% to nylon wool fibers before epinephrine administration and then PMN adherence fell throughout the length ofthe study (Table I ). The dose of epinephrine was sufficient to increase the cardiac rate by 15-30 beats/min with concomitanit widening of the pulse pressure. Systolic pressures rose by as much as 15 miml Hg, whereas diastolic pressures fell by 10 mm Hg. If the same subjects were treated initially with propainolol, a 8adrenergic blocking agent, followed by epinephrine, the pulse rate decreased slightly and the diastolic blood pressure rose slightly. On the other hand, the absolute PMN count increased by no >23% at 15 min after epinephrine administration (Fig. 1) . Under the latter circumstances, purified PMN obtained at various time Imtipaired Polyymorphon uclear Adherenc e by CIJclic AAMP FIGURE 1 The relative rise in the peripheral blood PMN count in three separate subjects after the subcutaneous administration of 0.5 mg of aqueous epinephrine is shown in the upper panel and represented by mean±SD. The relative rise in peripheral blood PMN count subsequent to propanolol infusion in the same subjects followed by epinephrine injection is shown in the lower panel. The remainder of PMN counts in the lower panel are expressed relative to the zero time in the subjects treated with propanolol and epinephrine.
points maintained normal adherence to nylon wool fibers throughout the duration of the study (Table I) .
Purified PMN were incubated for 5 min at 370C with varying concentrations of epinephrine ranging between 10 to 0.1 mM to establish whether the effect of epinephrine on PMN adherence to nylon fibers was mediated directly or indirectly through a soluble factor. As indicated in Table II , epinephrine failed to directly affect PMN adherence to nylon fibers. In contrast, sera obtained from the subjects receiving epinephrine diminished adherence of freshly obtained PMN from normal subjects. The sera obtained 10 min after epinephrine administration attenuated PMN ad- 
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The number in parentheses represents the number of individual studies performed in triplicate. The PMN were incubated with each of the drugs or with the postepinephrine sera, obtained at the indicated times from the subjects, for 5 min before passage over the nylon fiber columns. In some experiments a 1:50 dilution of either anticyclic AMP or anticyclic GMP antiserum was added to the postepinephrine sera. 
NS
The number in parentheses represents the number of individual endothelial cell monolayers derived from single umbilical cords. The monolayers were covered with 1.5 ml of fresh human serum to which the drugs were added for 5 min at 37°C. After addition of the drugs, the supernates were recovered and added to fresh PMN for 5 min before passage of the PMN over the nylon fiber columns. In some experiments, a 1:50 dilution of either anticyclic AMP or anticyclic GMP antiserum was added to postepinephrine supernate. nephrine administration was completely abrogated by anticyclic AMP antiserum but not by anticyclic GMP antiserum. Exposure of PMN to the respective antisera alone lacked effect on adherence of the cells to nylon fibers.
Because epinephrine failed to directly affect PMN but postepinephrine sera produced a marked impair-ment in PMN adherence to nylon fibers, human endothelial cells were considered a potential source for the elaboration of the soluble factor modifying PMN adherence. As noted in Table III , supernates derived from endothelial cell monolayers previously exposed to epinephrine for 5 min significantly impaired adherence offreshly obtained PMN to nylon fibers at concentrations achievable in vivo. Similarly, exposure of endothelial cell monolayers to the f3-agonists epinephrine or isoproterenol resulted in supernates that impaired PMN adherence to nylon fibers. Because f-agonists are known to raise intracellular levels of cyclic AMP in endothelial cells as well as plasma levels in vivo, we studied the influence of anticyclic nucleotide antisera in supernates derived from endothelial cells previously exposed to epinephrine. Anticyclic AMP, but not anticyclic GMP, completely abolished the effect of the postepinephrine supernate on impairing PMN adherence to nylon fibers. Neither antiserum had any effect on supemates derived from unstimulated endothelial cells. Similar to the temporal effect of sera obtained from subjects exposed to epinephrine, supernate derived from endothelial cell monolayer stimulated by epinephrine impaired freshly obtained PMN adherence to nylon fibers (Table IV) . The effect of the postepinephrine supernate was maximal at 5 min and lost by 30 min. The preincubation of the endothelial cell monolayers with propanolol before the addition epinephrine abolished the inhibitory effect of the supernate derived from the endothelial cell monolayers.
The addition of 0.9 uM epinephrine directly to endothelial cell monolayers previously incubated for 10 min with PMN led to decreased adherence of PMN to the endothelial cells. Addition of 10 ,M of the ,3-antagonist propanolol to the endothelial cell prevented the effect of epinephrine on decreasing PMN The number in parentheses represents the number of individual endothelial cell monolayers derived from single umbilical cords. The monolayers were covered with 1.0 ml of fresh human serum to which propanolol was added for 2 min followed by epinephrine for 5 min. After incubation with the drugs at the indicated time, the supemates were recovered and added to fresh PMN for 5 min at 37°C before passage of the PMN over nylon fiber columns. Impaired Polymorphonuclear Adherence by Cyclic AMP adherence (no addition, 44±3%; 0.9,M epinephrine, 30±5%; 10 ,uM propanolal followed by 0.9 ,uM epinephrine, 42±8%). On the other hand, the addition of 10 ,tM of the a-antagonist, phentolamine, failed to abrogate the effect of epinephrine (10 ,uM phentolamine followed by 0.9 ,iM epinephrine, on decreasing PMN adherence 34±4%). Neither propanolol nor phentolamine by themselves had any effect on PMN adherence to endothelial cell monolayers.
To further substantiate whether the findings observed with the nylon fiber columns paralleled those obtained with the endothelial cell monolayers, freshly obtained PMN were incubated for 5 min with either postepinephrine sera obtained from subjects or postepinephrine supernates derived from endothelial cell monolayers; the subsequent adherence of the treated PMN to new endothelial cell monolayers, containing 10 ,UM propanolol to block the effect epinephrine, was monitored. As noted in Table V , both postepinephrine conditions impaired PMN adherence similar to that observed with the nylon fibers. Incubation of PMN them- The number in parentheses represents the number of individual endothelial cell monolayers derived from single umbilical cords. The PMN from three different subjects were incubated for 5 min at 37°C with postepinephrine sera obtained 5 min after the administration of 0.5 mg epinephrine subcutaneous, or the PMN were incubated for 5 min at 37°C with postepinephrine supemates obtained 5 min after exposure of endothelial cell monolayers to 90 nM epinephrine. The PMN suspended in either the postepinephrine sera or supernate were added to fresh endothelial cell monolayers for 10 min and then the number ofadherent PMN determined. * Endothelial cell monolayers were exposed to 0.9 ,uM epinephrine or 10 gl saline suspended in 1.0 ml fresh sera for 5 min at 37°C. The supemate was removed; phosphate-buffered saline, pH 7.4, was added to the cell suspension and then removed; fresh PMN suspended in 1.0 ml fresh serum were added for 10 min before determination of PMN adherence.
selves with 90 nM epinephrine for 5 min followed by a wash in phosphate-buffered saline and resuspension ofthe PMN in normal sera failed to attenuate PMN adherence to the endothelial cell monolayers (data not shown). On the other hand, if the endothelial cell monolayers were directly incubated with epinephrine for 5 min in the presence of serum, washed with phosphate-buffered saline and a fresh PMN suspension in serum added, PMN adherence to the stimulated monolayer was significantly decreased (Table V) . Similarly, PMN directly obtained from subjects 5 min after administration of epinephrine manifested attenuated adherence to endothelial cell monolayers (46±3% preepinephrine compared with 29±3% postepinephrine).
DISCUSSION
The effects of epinephrine on causing a rise in the peripheral PMN count were first noted over 70 yr ago (16) . These observations have been confirmed by many workers (2, 17) ; some have suggested that the source of the additional PMN in the bloodstream arises from the release of PMN from the marginating pool (1, 2) . The development oftechniques for establishing in vitro cultures of human endothelial cells (13, 14) allowed the study of the interactiQn of PMN with endothelial cells, leading to an understanding of some of the mechanisms involved in PMN adherence, which likely reflects PMN margination in vivo (5) . The role traditionally assigned to the endothelial cell was that of a rather passive lining of the lumen of the vessels. Recent findings, however, suggest a much more active physiological role for the endothelial component of the vessel wall. Bevan and co-workers (18) have suggested that adrenergic receptors may be present in the tunica intima of rabbit aorta, and that internal endothelial cells may play a role in regulating changes in vascular diameter induced by blood-born vasoactive agents. Buonassisi and Venter (19) studied endothelium cultured from rabbit aorta and found a catecholamine-stimulated cyclic AMP response that could be fully blocked by the 8-adrenergic antagonist propanolol. Similarly, Herbst and his associates (20) found that norepinephrine increased cyclic AMP formation in an incubated suspension of brain microvessels that could be abolished with propanolol.
In the present study, the ability to culture human endothelial cell monolayers provided the means to investigate some factors regulating PMN endothelial cell interaction. Supernates derived from endothelial cells exposed to the a-agonist epinephrine and isoproteronal-impaired PMN adhere to both nylon fibers and fresh endothelial cell monolayers. Employing the former assay to monitor PMN adherence, the effect of the postepinephrine supernate was directly linked to the length of exposure and dose of epinephrine, and 272 L. A. Boxer, J. M. Allen, and R. L. Baehner was observed at a concentration of epinephrine achievable in vivo (21) (22) (23) . Furthermore, the response of the endothelial cell monolayers to epinephrine was dependent upon the activity of their /8 rather than a-receptors. Paralleling the in vitro observations, sera recovered from subjects receiving epinephrine attenuated PMN adherence to both endothelial cell monolayers or to nylon fiber columns, similar to findings of others obtained with postepinephrine plasma by employing the latter technique (24) . The inhibitory activity found in the postepinephrine sera diminished over a 30-min interval. Administration of propanolol to subjects at concentrations known to prevent the rise in plasma cyclic AMP (10) prevented the increase in PMN counts as well as led to retention of normal adherent properties after epinephrine injection. Direct exposure of PMN to epinephrine in vitro failed to affect their adherent properties, which likely relates to the inability of epinephrine to substantially raise intracellular cyclic AMP levels (24) . Exposure of the PMNendothelial cell overlay to epinephrine led to diminished PMN adherence. Furthermore, once PMN encountered postepinephrine sera, their attenuated adherent properties could be preserved by maintaining the cells at ice bath temperature for 1 h, which parallels the time and temperature conditions required for recovering and purification of PMN from the blood of subjects administered epinephrine.
It would appear from the results of both the in vitro and in vivo studies employing the epinephrine antagonist, propanolol, that the soluble inhibitory factor is cyclic AMP. To confirm this hypothesis, both the postepinephrine sera and the supernate derived from endothelial cell monolayers were incubated with anticyclic nucleotide antibodies. It was only in the presence of anticyclic AMP antisera but not anticyclic GMP antisera that the inhibitory effect of PMN adherence was completely abrogated. The observation that cyclic AMP found in the postepinephrine sera in this study is capable of impairing PMN adherence parallels the in vitro observation by others that cyclic AMP added to PMN will attenuate their adherence to both nylon fibers and endothelial cell monolayers (5) . These findings indicate that,8-receptors on endothelial cells are stimulated by epinephrine to release cyclic AMP, which in turn could attenuate PMN adherence to endothelial vasculature thereby leading to a rise in circulating PM N during epinephrine administration.
